Crystals of a 1:1 hydrogen-bonded complex between 1-methylthymine and 9-methyladenine can be grown from an aqueous solution containing equimolecular quantities of the two compounds. The crystals are monoclinic, with a--8-304, b = 6.552, c = 12.837 A, and fl--106 ° 50'. The space group is P21/m, with two base-pair complexes in the unit cell. The structure was refined with three-dimensional data taken with copper radiation. The positional coordinates and anisotropic temperature factors of the heavy atoms were obtained by least-squares analyses. The hydrogen atoms, except those of two methyl groups, were located from a three-dimensional difference Fourier synthesis. The 1-methylthymine and 9-methyladenine molecules form a planar base pair lying in a mirror plane and are connected to each other by two nearly linear hydrogen bonds, from the NH 2 group of 9-methyladenine to 0(9) of 1-methylthymine (2.846 A) and from N(3) of 1-methylthymine to N(7) of 9-methyladenine (2.924 A).
Introduction
As part of a program of research on the structure of nucleic acids, attempts have been made to grow crystals containing hydrogen-bonded pairs of purine and pyrimidine derivatives. A preliminary report on the structure of a 1:1 complex between 1-methylthymine and 9-methyladenine (I) has already been given (Hoogsteen, 1959) . The manner in which these H(4) / • H(3)--N(10') N(I') H(5) H(8, 9) ~ / ~ / / .......... C(6') C(2') H(7)--C(IO) 0(9) II I ~ C(5') N(3') C (5)--C(4) / ~C(~') H(1)--C(6) N(3)--H(2)-.--N(7') I / ~ /N(9')
N(1)--C(2)
/ ~ /C(8')~ H(10)--C(7) 0(8) H(6) C(ii')--H(i4, i5) I-I( 1 l, i2) / H(13) (I) two molecules are hydrogen-bonded to each other was established with the use of hOl and hll intensities.
They form a planar base pair with N(3) of 1-methylthymine connected to N(7) of 9-methyladenine, and the C(4)=O earbonyl group of 1-methylthymine * Contribution No. 2888 from the Gates and Crellin Laboratories of Chemistry. This investigation was supported, in part, by two grants to the California Institute of Technology, a grant CVRE 121 from the National Foundation, and a grant :No. G-9467 from the :National Science Foundation.
hydrogen-bonded to the amino group of 9-methyladenine. This paper describes the refinement of the approximate structure with the use of three-dimensional data and discusses the conclusions that can be drawn from the geometry of the base pair as it occurs in the crystals.
Experimental
Equimolecular quantities of 1-methylthymine and 9-methyladenine were dissolved in hot water. Slow cooling and subsequent evaporation of this solution to dryness at room temperature gave good crystals of the 1:1 complex in the form of well developed needles, elongated in the direction of the b axis. A needle bounded by the forms {100}, {O01}, and {010}, with a cross section of 0.2 ×0.2 ram, was mounted with the rotation axis parallel to the b axis. This crystal was used in the preparation of multiple-film equi-inclination Weissenberg photographs of layers hO1 through h5l. By cleaving a needle parallel to (010), a fragment with approximately the same cross section as the first crystal was obtained and mounted parallel to the a axis. This crystal was used to collect the intensities of layers Okl through 7kl. Ni-filtered CuKa radiation was used. The intensities were estimated visually with the aid of a calibration strip. After correction for the Lorentz and polarization factors, the two sets of data were correlated to the same relative scale. In all, 1361 reflections were measured with an intensity different from zero, of which 856 were obtained about both the a and the b axes. These reflections were used to obtain an experimental 908 COMPLEX BETWEEI~ 1-METHYLTHYMIIqE AND 9-METHYLADENINE estimate of the standard deviation in the observed structure factors, ¢ (Fo) . The values of AF= ½ (IF~I-lEVI) where Fo ~ and Fbo are the structure factors measured along the a and b axes, were averaged over 6 regions of similar Fo values and plotted against the average value of Fo for that region. These points were then fitted by the least-squares method to the equation AF=A+BFo+CF2o, giving A=0.27, B=0.012, C= 0-0012. The coefficients A and B were used in the final stages of the refinement to calculate the weights of the reflections.
Accurate cell dimensions were determined from zero-layer Weissenberg photographs taken around the a and b axes. A Weissenberg camera with the Straumanis method of film loading and a radius of 10 cm was used. Observed values of sin 9' 0 for 60kl and 12 hO1 reflections, occurring in the back reflection region where the splitting of the c¢1 and ~ reflections was complete, were used as input to a least-squares treatment; the cell dimensions are: The standard deviations were derived from the leastSquares calculation in the usual way.
Refinement of the structure
In the preliminary paper (Hoogsteen, 1959) an account was given of the structure determination and the partial refinement with the hO1 and hll data until the disagreement index was 0-165. Two additional leastsquares analyses were calculated in which the positional parameters x and z together with the individual isotropic temperature factors were adjusted. The disagreement index decreased to 0" 145. The refinement was then continued with three-dimensional data on a Burroughs 220 computer.
The monoclinic structure-factor and least-squares program allows for the refinement of the positional parameters, six anisotropic temperature factors and an individual scale factor for each atom. It determines the minimum value of the expression Xw(IF~I-IF~]) ~" and uses the scattering factors of Berghuis, Haanappel, Potters, Loopstra, MacGillavry & Veenendaal (1955) for C, N, O, and of McWeeny (1951) for H. The normal equations are solved with neglect of all interatomic cross terms. For each atom only cross terms between the x and z parameters and between the six anisotropic temperature factors together with a scale factor are collected. The space group of the crystals had been found to be P21 or P21/m (Hoogsteen, 1959) . If it is assumed to be P2dm, all carbon, nitrogen, and oxygen atoms of the base pairs must lie in the mirror planes at y = ¼ and y = ~. The positional parameters x and z, the anisotropic temperature factors, c~, fl, y, and e and one scale factor remain to be refined. The scale factor was adjusted by taking the average value of the indicated corrections to the individual atomic scale factors. The weights were calculated according to the Hughes (1941) weighting scheme-
These weights do not accurately reflect the uncertainties of F~ values, but they were considered to be adequate at this stage of refinement. Accidental absences were included in the refinement calculations only if their calculated values exceeded the minimum observable ones. After five refinement cycles the disagreement factor decreased to 0-125. At this point it was decided to attempt the resolution of an ambiguity resulting from the configuration of the 1-methylthymine molecule. With only minor changes in the atomic positions, the crystal structure could accommodate base pairs (II), of which 0(9)
instead of 0(8) is hydrogen bonded to H(4) and 0(8) instead of 0(9) is hydrogen bonded to H(3). The principal difference between this structure and the one assumed until so far is an interchange of the atoms N(1) and C(5) of the 1-methylthymine molecule. The same type of structural ambiguity is possible in the structure of 1-methylthymine (Hoogsteen, 1963) , but the positions of N(1) and C(5) could be identified at a similar stage of refinement by means of a difference Fourier synthesis, and subsequent calculations gave no indications of disorder. A three-dimensional difference Fourier map of the present structure was therefore calculated. In this difference m~p the electron densities at the positions of N(1) and C(5) were not significantly different from those at other atomic positions, indicating that the configuration initially chosen (I) was the correct one. The positions of all hydrogen atoms directly attached to the ring systems of the adenine and thymine molecules were also indicated in this map by distinct maxima. One hydrogen atom of each of the three methyl groups could also be located in the mirror plane, and it was therefore assumed that the orientation of the methyl groups obeyed the symmetry restriction of the mirror 
plane. The coordinates of the hydrogens lying out of the mirror plane were then calculated, and these positions were found to correspond to extended and weak maxima in the difference map. The coordinates of the hydrogens thus obtained were then inserted in the subsequent least-squares refinements; they were assigned one isotropic temperature factor with B = 4.0 .~2. The refinement was completed by 8 more leastsquares cycles in which the weights were calculated according to the expression 1 ~/w = 0.50 + 0.54Fo + 0-024Fo ~ "
The coefficients of Fo and Fo ~ were derived from A and B of the experimentally determined equation for a (Fo) . The constant 0.50 was added to decrease the weights of the weak and unobserved reflections. The calculated corrections to the input parameters of the hydrogen atoms were also applied. The average correction for the positional parameters of the heavy atoms for the final calculation was 0.0004 A with a maximum value of 0.001 X. :None of the corrections of the other parameters was larger than 0.2 times their standard deviations, and refinement based on the centrosymmetric space group was terminated at this point. The disagreement index R was 0.081, with exclusion of the unobserved reflections. The final positional parameters x and z, together with the anisotropic temperature factors a, fl, ~, and ~* for the carbon, nitrogen, and oxygen atoms obtained in this way, are listed in Table 1 .
During the refinement the interatomic distances * These temperature parameters are the coefficients of the
expression T = exp --( ~h ~ + flk ~" + yl 2 + 6hk + ehl + ~Tkl).
and bond angles involving the hydrogen atoms were calculated as a check on their positional coordinates. Although the distances were not unreasonable, it became clear that the hydrogen atoms lying above and below the mirror plane were moving towards the mirror plane. The angles which the carbon atoms subtend to those hydrogen atoms were as a result too small, about 80 ° for the last refinement calculation. A final difference-Fourier synthesis was therefore calculated based upon the parameters of Table 1 ; the contributions of the hydrogen atoms to the structure factors were omitted. The section at y=¼, parallel to (010), i.e. through the mirror plane, is shown in Fig. 1 . The hydrogen atoms that are directly attached to the ring systems of the thymine and adenine molecules all show up as maxima with a height of about 0.5 e./~ -3. Their coordinates were determined from this map by the interpolation method of Booth (1948) ; they are listed in Table 2 . In Fig. 2 COMPLEX BETWEEN 1-METttYLTHYMINE AND 9-METHYLADENINE are shown sections through the planes containing the hydrogen atoms of the three methyl groups at C(7), C(10), and C(1 l'). Although the three maxima around C(ll') in Fig. 2 (c) are low (about 0.4 e./~ -3) their coordinates were determined and accepted as the coordinates of the hydrogen atoms of C(ll'). They are also listed in Table 2 . The hydrogen coordinates obtained so far did not differ significantly from those derived from the least-squares analysis, and the temperature parameters of the last least-squares calculation are also listed in Table 2 . It is clear that the electron distribution around C(7) and C(10) cannot be represented by single positions of three hydrogen atoms. An approximation for these electron density distributions was therefore made by putting six hydrogen atoms, with half weight, around each of the two carbon atoms in the manner indicated in Fig. 2(a) and (b). These locations were chosen with a C-H distance of 1-02 A, which is the average value found for other C--H distances in this structure determination. The calculated coordinates of the six hydrogen atoms are listed in Table 3 .
One additional structure-factor and least-squares calculation was done with the coordinates listed in Tables 1, 2 , and 3 as input parameters. The six hydrogens with half weight were assigned a temperature factor B =4.0 j~2. This calculation did not show any improvement in the agreement between the observed and calculated structure factors compared with the previous one; no significant corrections to the positions of the heavy atoms were found. The structure factors obtained from this calculation together with their observed values are listed in Table 4 .
Attempts to refine the y coordinates
To this point the structure has been refined on the basis of the space-group symmetry P21/m, so that all the carbon, nitrogen, and oxygen atoms were lying in the mirror plane. Relatively small deviations of the atoms from the mirror plane, however, may occur if the planes of the two molecules do not coincide with (010) or if the bases are not planar molecules. Such departures of the atoms from the mirror planes would be incorporated in the anisotropic temperature factors fli. The principal axes of the thermal ellipsoids (Table 8) normal to (010) are in all cases except for C(6') and N(9') the largest ones. COMPLEX BETWEEN 1-METHYLTHYMINE AND 9-METHYLADENINE Although this feature is common for a layer structure, some of these axes, especially those of the annular substituents, are larger than could be expected from temperature movement alone, indicating that deviations from the mirror plane might exist. Furthermore, the observed electron distributions due to the hydrogen atoms of C(7) and C(10') ( Fig. 2(a) and (b)) cannot be described by single positions conforming to the symmetry restrictions of the mirror plane. The question now arises whether or not those deviations from the mirror plane are ordered in the sense that they conform to the symmetry operations of the twofold screw axes. In the first case, a better description of the structure can be given by assigning it the space group P21, but in the second case no real advantage can be obtained by the omission of the mirror plane; the deviations in this state occur in a disordered way throughout the crystal. In order to find an answer to this question, the refinement was continued with the calculations based on the space group P21. In order to remove the mirror plane from the space group P21/m, some atoms had to be given y coordinates different from ¼. In the structure of adenine hydrochloride (Broomhead, 1948; Cochran, 1951 ) the z coordinates were calculated on the basis of a planar molecule, so that no deviations from planarity were known for the 9-methyladenine molecule. For the structure of 1-methylthymine (Hoogsteen, 1963) the following departures from the best plane of the molecule were found: N(1)=0.014 A, C(2)=0.005 A, N(3)=0.005 A, C(4)=-0.009 ~, C(5)--0.002 J~, C(6)= 0.009 A, C(7)= -0.035 A, 0(8) =-0.017 J~, 0(9)=-0.035 /~, and C(10)= 0.028 A. The atoms C(7), 0(8), 0(9), and C(10) were assigned y coordinates that gave the same distances for these atoms to (010) in the AT structure. In the following structure-factor and least-squares calculations only the positional and temperature parameters of the heavy atoms were refined. The weighting scheme used in the final stages of the centrosymmetric refinement was applied. The calculations were terminated after six refinement cycles, since no shift was larger than 0.03 times the standard deviation.
A comparison between the coordinates obtained in this way and those of Table 1 showed that none of the final parameters of the centrosymmetric refinement was significantly different from those acquired
by the aeentric refinement. The largest shift in the y coordinate was for C(7): 0.061 /~, with a calculated standard deviation of 0.01 /~. Although the disagreement index R decreased from 0-081 to 0.073, the sum of the squares of the weighted residuals, Zw[/IFg] 9' , remained constant. Since the acentric structure contains 63 parameters more than the centrosymmetric one the standard deviation for an observation of unit weight actually increased, indicating that the acentric refinement did not converge to a set of coordinates significantly better than those derived from the refinement with space group P21/m.
The following discussion is therefore based on the parameters of the centrosymmetric structure listed in Tables 1, 2 , and 3.
Discussion
In Fig. 3 a view layers of base pairs parallel to (010) stacked over each other. The amino group of 9-methyladenine is hydrogen-bonded to 0(8) of the 1-methylthymine molecule that lies one unit cell up along the negative direction of the a axis. Each layer is thus formed by columns of base pairs running parallel to a. The cohesion of the structure within each layer is provided only by the van der Waals interaction between these columns. The three methyl groups at C(7), C(10), and C(ll') are pointing towards each other, with the following distances : C(7)-C(11')=4.19 J~, C(7)-C(10)--3.74/~, C(10)-C(11')--3-52 ~.
There are no short intermolecular distances between molecules in the same layer. The packing of the base pairs within a layer is shown in Fig. 4 . Since the b axis is 6.552/~ in length, no interatomic distance between molecules of adjacent layers is shorter than 3.276 /l. The shortest distance across two layers occurs between C(4') of 9-methyladenine and C(2') of the molecule related to it by a twofold screw axis; it is 3.285 A.
Interatomic bond distances and angles
The interatomic bond distances and angles of the base pair are shown in Fig. 5 . In Table 5 the dimensions of the 1-methylthymine molecule as they occur in the crystals of the AT complex, together with the calculated values of their estimated standard deviations. These values together with those of Table 6 have not been corrected for tho effect of thermal motion. The dimensions of 1-methylthymine as determined from the structure of this compound (ttoogsteen, 1963) are also listed. A comparison shows that the bond lengths of the two structure determinations are in good agreement. The largest difference, 0-014 for C(7)-N(1), is only of possible significance. No differences are found in the internal bond angles of tho pyrimidine ring. Larger discrepancies, however, occur among the external bond angles which seem to change more with different structural environment than the internal bond angles or bond lengths. A discussion of the dimensions of 1-methylthymine in terms of valence bond structures has already been given for the structure of 1-methylthymine and this discussion seems to apply to the molecule as it occurs in the structure of the base pair as well. The dimensions of the 9-methyladenine molecule are listed in Table 6 , together with those of adenine hydrochloride as determined in the structure of this compound (Broomhead, 1948; Cochran, 1951) . The standard deviations in the bond lengths for the latter structure were estimated not to exceed 0-01 /l. A comparison of the bond lengths of this molecule shows that the addition of a proton to N(1) apparently does not alter the bond distances appreciably. Larger differ~nces are found in the bond angles. The angle C(6)-N(1)-C(2) is 116-8 ° in 9-methyladenine, whereas it is 123-0 ° in the adenine ion. The attachment of a hydrogen to the N(1) atom apparently increases the ring bond angle by about 6 ° . This difference is in good agreement with the one given by Pauling & Corey (1956) .
The most important feature of this structure is the manner in which the two molecules are hydrogenbonded together. 0(9) of 1-methylthymine is hydrogen- g~ (2) g~ ( along the N-H... N hydrogen bond was considered to be possible. The peak attributed to H(2) in the final difference map of the AT base pair is elongated in the direction of N(7') and there is an isolated maximum of 0.30 e.A-8 1.00 A from N(7') in a position where the hydrogen could be expected, if attached to this atom. This, however, cannot be considered as significant evidence for a partial proton transfer along the :NH.-. N bond because spurious peaks with similar heights appear elsewhere in the difference map around other atoms. It is also of interest to note the deviation from linearity of the atoms A-H... B involved in the hydrogen bonds, as indicated in Fig. 5 . None of the deviations from linearity of the atoms involved in the hydrogen bonding between the two bases is exceptionally large. Donohue & Trueblood (1960) observed from a study of molecular models that for N-H-.. O linear, a deviation of about 25 ° for N-H • • • N could be expected. Apparently the departures from the assumed dimensions cooperate in making the experimentally found hydrogen bonding system quite satisfactory. The only other hydrogen bond present in the structure is the one between the NH2 group of 9-methyladenine and 0(8) of the 1-methylthymine molecule, one unit cell up along the direction of the a axis. Its length is 2-881 /~, and there is no large departure from linearity in this hydrogen bond.
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